(35.5%), bloating (35.2%), and retching (21.1%). Constipation was also reported in another study. 6 Some mechanisms for these side effects may be attributable to metformin's actions in the GI tract. These effects are usually mild, dose-related, mitigated by slowing the dose escalation, and cease after dose reduction or drug discontinuation. 6 Approximately 5% of study subjects discontinue metformin use due to these events. 7 The most serious and sometimes fatal, but rare, side effect is lactic acidosis. This could be attributed to metforminmediated inhibition of glycerophosphate dehydrogenase. 4 A contributing lactate source may be derived from colonic bacteria. Unabsorbed glucose or glucose polymer delivery to the colon provides a substrate for lactate-producing bacteria such as Lactobacillus species, Streptococcus bovis, Bifidobacterium species, and Eubacterium species. Bacteria produce d-and l-lactic acid, both of which are absorbed into the circulation. 8 Accumulation of colonic lactic acid will contribute to some or all of the GI side effects 9 observed in metformin users, especially those consuming diets intensified with starch and sugars.
The GI microbiome reported to be present in T2D patients is characterized by microbiota enriched in bacteria that harvest sugars. 10 Other functional changes suggested by bacterial dysbiosis in T2D are boosted metabolism of branched-chain amino acids that are associated with increased methane metabolism, increased xenobiotic degradative metabolism, and stimulation of sulphate reduction. A microbiome modulator to shift the GI microbiome of someone with T2D toward 1 characterized in healthy individuals was developed. The modulator contains purified food ingredients to stimulate blooms of competing commensal microbiota that generate short chain fatty acids (SCFA) instead of lactic acid, retard absorption of small molecules by increasing the viscosity of luminal contents, fortify the mucosal barrier, sequester bile acids and salts, and deliver a potent antioxidant to combat the increased demand of oxidative stress.
An opportunity surfaced when a newly diagnosed T2D patient developed metformin-intolerance due to GI symptoms. The remarkable improvement in the GI symptoms with GIMM observed in that single case 11 was the impetus for this pilot trial. The data suggest that this GI microbiome modulator improved GI symptoms while giving better regulation of fasting blood glucose levels in patients taking metformin.
Methods

Subjects
Subjects had T2D and either were referred by their Endocrinologist at the LSU Health Sciences Center clinic because they could not tolerate the metformin-associated GI symptoms (n = 6) after titration from 500 mg b.i.d. to 500 mg t.i.d. or responded to a radio advertisement seeking T2D patients who had experienced metformin GI side effects (n = 4). The sample size was selected by convenience (Table 1) . Inclusion criteria included volunteers with a history of metformin intolerance who were ≥ 18 years of age, had a body mass index (BMI) ≥ 25 and fasting blood glucose between 100 mg/ dl and 200 mg/dl. Exclusion criteria included pregnancy, nursing, taking proton pump inhibitors, taking antibiotics within the 3 previous months, or taking insulin. Twelve subjects from the clinic demonstrated interest to participate but only 6 of the referred showed for screening, qualified and were enrolled. Two of 6 subjects responding to radio advertisements did not qualify. One subject dropped out after screening but before commencing treatment because of scheduling conflicts and was replaced. Patients withdrew from diabetes medications for 2 weeks prior to entry into the study.
Study Design
A 2-period crossover study design was used with 2 treatment sequences, either placebo in period 1 followed by the GIMM in period 2 or vice versa. Study periods lasted for 2 weeks, with a 2-week washout period between. Each subject was randomly assigned to 1 of the treatment sequences. All subjects received daily doses of metformin. During the first week of each study period, subjects took 500 mg along with their assigned GIMM/placebo treatment with breakfast and with dinner. In the second week, subjects took 500 mg metformin (t.i.d.), with GIMM or placebo consumed along with the first and third daily metformin doses. Subjects were permitted to discontinue metformin dosing if it became intolerable. Metformin, GIMM, and placebo were dispensed by the Pennington Biomedical Research Center (PBRC) pharmacist. Metformin was administered in tablets. GIMM and placebo were provided by MicroBiome Therapeutics (Broomfield, CO) in sealed, coded pouches to make them indistinguishable. Volunteers were instructed to empty the entire content of a pouch into 6 ounces of water, mix, and drink along with the tablet.
This crossover pilot study was performed at PBRC between June 2013 and June 2014 in compliance with the Declaration of Helsinki. The PBRC Institutional Review Board approved the study protocol. This study was registered at www.clinicaltrials.gov (NCT01866462).
GIMM and Placebo
GIMM (NM504) is a combination of 3 purified food ingredients that are generally recognized as safe (GRAS) by the FDA. Inulin (3.79 g) from agave, beta-glucan (2.03 g) from oats and polyphenols from blueberry pomace (anthocyanins [162.5 mg]; total polyphenolics [723.99 mg]) were blended with inactive food ingredients (14.2 g) at Merlin Development Inc (Minneapolis, MN) to create a pleasant tasting, readily dissolvable powder. A placebo was developed in parallel to offer a powder that was indistinguishable in color and taste but substituted cellulose (8.7 g) for the total dietary fiber content of NM504 (8.7 g).
Assessment of GI Symptoms
An adaptation of questionnaires validated to evaluate GI symptoms for irritable bowel syndrome 12 was used because it included GI symptoms associated with metformin use in the subject described in the case report 11 and in those referred to the study by their physician. Assessments of stool consistency (not applicable, very hard, hard, formed, loose, watery), urgency to evacuate (no need to evacuate within 3h after dosing, need to evacuate within 3 hours, need to evacuate within 2 hours, need to evacuate within 1 hour), daily bowel movements (at least 1 movement every 3-4 days, at least 1 movement every 2 days, at least 1 movement per day, at least 2 movements per day), bloating sensation (not applicable, mild, moderate, severe), flatulence (less than normal, normal, moderately increased, greatly increased), and evacuation completeness (not applicable, incomplete, constipated) were recorded daily. In addition, the King's Stool Chart 13 was used daily to assess the appearance of fecal output using pictures of feces for the subject to select.
Blood Glucose
Fasting blood glucose was measured with a glucometer by finger stick each morning before eating and dosing. Data were recorded by the volunteers.
Statistical Methods
All calculations and data analyses were performed by a biostatistician at PBRC using SAS Version 9.4 (SAS Institute, Cary, NC). The data in the text are presented as mean ± standard error of the mean (SEM). The primary outcomes included tolerance of metformin, fasting glucose, and King's stool chart scores. All outcomes were evaluated by fitting linear models including covariates to account for the crossover design utilized in the study. Least squares means (LS means) of the treatment effects were the output from each model and were compared via 2-sample t tests. P values below .05 were considered statistically significant.
Tolerability
For the analysis and comparison of metformin tolerability between the treatment groups, a composite tolerability score was calculated using participant ratings of severity of 4 GI symptoms (stool consistency, urgency to evacuate, bloating sensation, and flatulence). The symptom ratings were combined into a single score for each participant using a weighted sum, with weights derived using principal components analysis (PCA). Using PCA for constructing the tolerability score ensures that this particular weighted sum of the symptom ratings accounts for more variation in the data than any other combination of the symptoms. Although this score has not been validated for use in determining tolerability, the construction and statistical properties of the score are sound. The scores are such that a higher score indicates a higher tolerability. For treatment group comparisons, a linear mixed model was used with non-baseline-adjusted tolerability score as the response. Covariates included in the model were period and sequence effects from the crossover design. Group mean tolerability scores, adjusted for these covariates, were compared using a 2-sample t test.
Fasting Glucose
Measures of fasting glucose were recorded daily throughout the study. The observed glucose levels while participants were actively taking metformin were included in the analysis. Due to the nature of the design, a doubly repeated measures model was utilized, with the period of the crossover being the first level of repeated measures and days within period being the second level.
King's Stool Chart
Daily measures of fecal consistency and volume were recorded by the subjects using the King's stool chart and scored as described by Whelan, Judd, and Taylor. 13 These scores were analyzed with a doubly repeated measures model.
Results
Subjects
Eight females and 2 males volunteered and were either Caucasian (n = 5) or African American (n = 5). Subjects were between the ages of 29 and 71 years. BMI ranged between 26.4 and 47.1 kg/m 2 . Patients had fasting plasma glucose levels ranging from 104 to 178 mg/dl on screening. Eleven T2D subjects were screened, but 1 declined to participate because of scheduling conflicts. Ten subjects were enrolled in the study after providing written consent.
Tolerance
The volunteers tolerated metformin GI side effects significantly better when the drug was combined with GIMM than in combination with placebo ( Figure 1 ). Stools tended to be more formed and larger when the volunteers were taking metformin combined with GIMM than when taking metformin with placebo but the difference was not statistically significant (5.4 ± 0.5 vs 4.6 ± 0.5, King's chart ratings).
Fasting Glucose
Fasting glucose levels were lower when metformin was combined with GIMM compared to when metformin was combined with placebo, though not statistically significant, during metformin b.i.d. (134.9 ± 6.7 vs 141.5 ± 6.9, mg/dl) and metformin t.i.d. (130.0 ± 14.5 vs 153.0 ± 16.6). There was a statistically significant sequence effect (order of administering GIMM or placebo affected glucose differently). After reviewing glucose levels for particular subjects (Figure 2) , we suspect that this may be due to a carryover effect of GIMM on glucose in period 2 due to an inadequate washout period. For this reason, we chose to also compare mean glucose levels only for period 1.The results of this analysis demonstrate that mean fasting glucose was significantly (P < .02) lower with the metformin-GIMM combination (Figure 3 ).
Metformin Intolerant Patients
A subset of the participants (n = 6) in this study was identified as metformin-intolerant at baseline based on medical history. To investigate the combination of metformin with GIMM in this population, analyses were carried out only on these participants. More extreme differences in means were observed in all outcomes for the metformin-intolerant participants than for the entire study population, but the results did not change the statistical significance. Fasting glucose decreased more during the period when metformin was combined with GIMM compared to metformin combined with placebo (130.6 ± 6.5 vs 144.1 ± 6.4 mg/dl). The difference between the 2 treatments when comparing only period 1 was statistically significant (115.7 ± 6.7 vs 170.3 ± 9.7 mg/dl; P = .0099). GI symptoms were also lessened and stools were more formed and regular, but these changes were not statistically significant.
Discussion
The principal limitation for chronic metformin therapy in some patients is presentation of persistent adverse GI symptoms that may cause patients to discontinue metformin use. The data observed in this pilot clinical trial suggest that a modulator of the GI microbiome could both alleviate metformin-mediated GI symptoms and may improve glucose regulation. Additional clinical trials are necessary to confirm these preliminary findings.
There is a paucity of studies investigating the etiology of metformin mediated GI side effects. Inhibition of glycerophosphate dehydrogenase 4 is a recently identified mechanism of action of metformin. This mechanism may be linked not 
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Tolerability Score p = 0.0006 Figure 1 . Metformin is better tolerated when combined with GIMM than placebo. Tolerability is a composite score of GI symptoms. A greater tolerability score indicates a better metformin tolerance.
only to serious and rare lactic acidosis, but also to some of the adverse GI symptoms. Bioavailability of metformin is 50%-60% and since efficacious doses range between 1 and 2 g/day with fecal recovery of an oral dose at 20%-30%, there is sufficient metformin to interact with GI microbiota. 2 Commensal microbiota in the colon such as Bacillus subtilis contain glycerophosphate dehydrogenase 14 that is inhibited by metformin. 4 This could result in an overproduction of d-lactate in the colon. Additional colonic contributions of d-lactate are from organisms such as Lactobacillus species, Streptococcus bovis, Bifidobacterium species, and Eubacterium species that utilize sugars present in the colon. 15, 16 Furthermore, d-lactate can convert to l-lactate by some colon microbiota, which could contribute to the plasma lactate pool. 16 Bile acids are well known to promote colonic fluid and electrolyte secretion, thereby causing diarrhea associated with bile acid malabsorption. 17 Metformin may cause GI disturbances by reducing ileal bile salt reabsorption leading to elevated colonic bile salt concentrations. 18 The GIMM contains beta-glucan, which is an oligosaccharide resistant to human digestion. Viscous beta-glucan encapsulates or sequesters bile acids 19 in the colonic contents.
Beta-glucan and inulin are oligoscaaharides that are both metabolized in the colon by microbiota in the Bacteroides and Prevotella genera. 20 The end products of this fermentation are short chain fatty acids (SCFAs) that activate free fatty acid receptors (FFAR3 and FFAR4) in the colon, 21, 22 resulting in secretion of peptide YY (PYY), glucagon-like peptide-1 (GLP-1), and GLP-2. 21, 22 Both PYY and GLP-1 signal satiety. GLP-1 also decreases gastric emptying and increases insulin release. GLP-1 analogs are used to treat T2D and oral drugs that block rapid Figure 2 . Fasting blood glucose levels. Subjects were assigned GIMM (A) or placebo (B) for the initial period. Subjects were instructed to take 500 mg metformin b.i.d. during the initial week of each period and 500 mg metformin t.i.d. during the second week. Subjects were permitted to discontinue metformin dosing if symptoms became intolerable. Days metformin was taken are indicated by the solid symbols. Subject number is indicated in the upper left as well as in Table 1 .
degradation of endogenous GLP-1 are also widely used to treat T2D.
Ghrelin is a hormone secreted by the stomach and by the colon that functions to prevent hypoglycemia by stimulating gluconeogenesis. 23 Ghrelin must be acylated with a medium chain fatty acid (MCFA) to activate its receptor (GHS-R1a). 24 The acylating enzyme, termed GOAT (ghrelin O-acyltransferase), has a high affinity for MCFAs; however, recent evidence indicates that GOAT can use a SCFA to acylate ghrelin, 25 rendering the hormone inactive. 26 In addition, SCFAs may act as competitive inhibitors of GOAT. 27 Therefore, generation of SCFAs could contribute to reduce blood glucose levels via production of an inactive ghrelin or lower active ghrelin levels.
The microbiome of the typical T2D patient appears to be one with an increased production of reactive oxygen species. 10 This suggests that ingestion of polyphenols with low bioavailability could be beneficial in scavenging the reactive oxygen species. Blueberries contain high antioxidant activity 28 because of antioxidant enzymes, anthocyanidins, and flavanols. 29 Most of these polyphenols have poor bioavailability. 30 Since they stay in the colon, they are able to alter the redox state in the intestines and shift communities of GI microbiota. 31 Each dose of GIMM is developed to contain the same polyphenolic mass as that found in 2 cups of blueberries. Blueberry consumption is shown to improve insulin sensitivity in men and women. 32 The sugars are removed from the blueberry extract used in GIMM, which should further improve the effect on carbohydrate metabolism. Although we did not measure insulin sensitivity in the present study, we observed a greater improvement of fasting blood glucose levels in subjects taking GIMM with metformin compared to those taking a placebo-metformin combination.
Therapeutic interventions that have mechanisms of actions in the GI microbiome may offer a level of safety that is not attainable by most orally active treatments designed to be absorbed. There is also a reduced potential for a GI modulator to interact with the metabolism of drugs that are orally absorbed. Therefore, we feel that GI microbiome modulators are ideal partners to be used in combination with current and future orally available medications. Although this GIMM was developed to be a monotherapy to treat prediabetes, an opportunity surfaced when a newly diagnosed T2D patient developed metformin-intolerance due to GI symptoms. The remarkable improvement in the GI symptoms with GIMM observed in that single case 11 was the impetus for this pilot trial.
Conclusion
We observed that combining metformin with GIMM permitted 10 T2D subjects, who experienced GI adverse events to metformin, to better tolerate metformin GI side effects than when metformin was combined with placebo. Some subjects could only escalate from 500 mg metformin b.i.d. to t.i.d. while also taking GIMM. This observation is particularly valuable since a slow titration of metformin is presently the only way to reduce metformin-related GI adverse effects. Finally, significantly lower fasting glucose levels were observed when subjects took the metformin-GIMM combination. Larger trials with GIMM-metformin in combination are needed to replicate and expand these findings. Such trials might allow the greater use of metformin in T2D patients and improve treatment of the disease. 
